SUMMARY Isolated rat hearts were perfused with hormonal concentrations of glucagon during a hypoxic perfusion to determine whether it would enhance recovery after reoxygenation. Rat hearts were divided into two groups: (1) those perfused with glucose-free Tyrode's solution and (2) those perfused with Tyrode's solution containing glucose. During 3 minutes of exposure to hypoxia both untreated hearts and hearts perfused with glucagon demonstrated a decrease in contractile force to 10-20% of control. When glucose was present in the perfusion medium, cardiac performance was better during both the periods of hypoxia and reoxygenation. During reoxygenation, recovery of contractile force was significantly better (P < 0.05) in glucagon-perfused hearts than in untreated hearts; this improved recovery occurred regardless of whether glucose was included in the medium. The enhanced recovery of the glucagonperfused hearts was associated with decreases in myocardial levels of guanosine 3',5'-monophosphate (cyclic GMP) both during the periods of hypoxia and reoxygenation. At the end of the hypoxic period, cyclic GMP levels in the glucagon-perfused hearts were 20-64% of the levels in untreated hearts. Similarly, after 5 minutes of reoxygenation cyclic GMP levels in the glucagon-perfused hearts were 21% of the levels in untreated hearts. The effect of glucagon on adenosine 3\5'-monophosnhate (cyclic AMP) concentrations in untreated hearts and in hearts receiving glucagon was not significantly different either after 3 minutes of hypoxia or during reoxygenation. The rate of anaerobic glycolysis afeter 3 minutes of hypoxia was higher in untreated hearts than in glucagon-perfused hearts, as determined by the lactate content of coronary perfusates. These studies suggest that hormonal concentrations of glucagon exert a protective effect on the hypoxic rat heart which involves a modulation of cardiac cyclic GMP accumulation.
ISCHEMIC and hypoxic hypoxia severely impair cardiac contractility. 1 " 3 It has been suggested 2 " 1 that the hypoxic insult depresses cardiac function by depleting the myocardium of utilizable energy substrates, such as adenosine From triphosphate (ATP), or by decreasing the rate at which these substrates are utilized. During hypoxia, rates of glycolysis and glycogenolysis increase to compensate for the decreased production of ATP. Nevertheless, these metabolic pathways are less efficient than oxidative phosphorylation in providing energy to the myocardium. To improve cardiac function during hypoxia and during or after reoxygenation, it would seem necessary to enhance the production of ATP during the period of anaerobic metabolism. Indeed, this has been demonstrated by Scheuer and Stezoski 5 for hearts isolated from rats pretreated with reserpine. The hearts, which contained higher levels of glycogen, demonstrated a greater glycolytic production of ATP and a better function during hypoxia than did controls. In other studies, hearts of dogs that had been maintained on a high fat diet exhibited better left ventricular performance after 30 minutes of ischemic hypoxia than the hearts of dogs fed normal laboratory chow. 6 This enhanced performance was associated with a greater rate of myocardial glycogen utilization.
It has been reported that the hormone glucagon stimulates glycogenolysis by activation of phosphorylase, 7 and this is secondary to an increase in the intracellular concentration of the nucleotide, adenosine 3',5'-monophosphate (cyclic AMP). More recently another cyclic nucleotide, guanosine 3',5'-monophosphate (cyclic GMP) has been implicated as the chemical mediator of the negative inotropic effect of cholinergic agents and other cardiac depressants. 8 ' 9 Both physiological and pathological changes in cardiac function may be mediated by the relative intracellular concentrations of cyclic AMP and cyclic G M P . 8 1 2 In light of these findings, we undertook to determine whether the glycogenolytic action of glucagon was associated with both a protective effect on the hypoxic rat heart and a modulation of the myocardial levels of these two cyclic nucleotides.
Methods
Male Sprague-Dawley rats (250-300 g) were decapitated; the heart was excised quickly and the aorta attached to the outflow cannula of an Anderson perfusion apparatus. Modified Tyrode's solution was used for coronary perfusion. The ionic composition of the Tyrode's solution in millimoles per liter was: NaCl, 120; KC1, 5; CaCl 2 , 4; MgSO 4 , 0.6; Na-HCO S , 30; and KH 2 PO 4 , 0.6. The hearts were perfused with Tyrode's solution either gassed with 95% O 2 and 5% CO 2 [partial pressure of oxygen (Po 2 ) = 450-500 mm Hg] or with 95% N 2 and 5% CO 2 (Po 2 = 10-20 mm Hg). The oxygenated and hypoxic media were kept in parallel systems so that either could be used immediately for coronary perfusion. Aortic filling pressure was maintained at 70 cm H 2 O. The pH of the perfusate, which was 7.4, was continually monitored during the periods of hypoxia and reoxygenation and remained unchanged throughout the perfusion. To rule out the effect of changes in heart rate on cardiac output and coronary flow, heart rate was maintained constant by electrical stimulation through electrodes attached to the right atrium and the ventricular apex. A stimulus of 4-8 V and a duration of 4 msec (Electronics for Medicine stimulator) was applied at a frequency 20% above the intrinsic rate; this provided a constant rate for each heart in the range of 250-300 beats/min. Force of contraction was measured with a calibrated Grass FT 03 force displacement transducer which was mounted on a movable assembly and connected to the apex of the heart in such a way that tension could be applied by movement of the transducer. In this manner the contraction of each heart was placed at the peak of its length-tension curve. Force and rate of contraction were recorded on a Grass model 7 polygraph. The rate of coronary perfusion was measured for all time intervals by collecting the effluent. Untreated hearts were divided into two major groups: (1) those perfused with glucose-free Tyrode's solution and (2) those perfused with Tyrode's solution containing 5 mki glucose. In both groups, hearts were equilibrated for 10 minutes with oxygenated Tyrode's solution, then perfused for 3 minutes with hypoxic medium, and finally reperfused for 10 minutes with oxygenated Tyrode's solution. Experimental hearts were studied by the same protocol except that during the period of hypoxia, the perfusion fluid contained a subinotropic concentration of glucagon (8.7 x 10" 9 M).* Glucagon was present only in the hypoxic perfusion medium. Each heart was exposed to only one dose of glucagon or to one period of hypoxia or to one combined treatment of glucagon plus hypoxia.
In a parallel series of experiments, the procedure was terminated both during the hypoxic period and after reoxygenation. In these studies, the hearts were quickly frozen after 15 seconds, 60 seconds and 3 minutes of hypoxic perfusion and after 5 minutes of reoxygenation. This was done with Wollenberger clamps that had been precooled in liquid nitrogen. The hearts were then stored at -80°C until assayed for their content of cyclic AMP and cyclic GMP. The analyses for cyclic AMP and cyclic GMP were made according to methods previously described. Cyclic AMP concentrations were determined according to the competitive binding assay of Gilman 13 and cyclic GMP levels were measured by the method of Steiner et al. 14 Al! values are expressed as nanomoles of cyclic nucleotide per kilogram of cardiac tissue. During 0, 15, 60, 120, 180 and 300 seconds of hypoxia lactate concentrations in the coronary effluent were measured by spectrophotometric analyses. 15 The significance of differences between data for untreated and glucagon-perfused hearts was determined by Students /-test. Figure 1 shows the change in force of contraction of hearts perfused with glucose-free medium during periods of hypoxia and reoxygenation. Within 3 minutes of hypoxic perfusion, force of contraction decreased to approximately 10% of control for both untreated and glucagon-perfused hearts. The most rapid decline occurred within the first 30 seconds, with a less marked but progressive decrement between 30 seconds to 3 minutes. There was no significant difference between the untreated and treated groups during the hypoxic period. During reoxygenation, hearts that had been perfused with glucagon (8.7 x 10"' M) during the hypoxic period, exhibited a significantly enhanced recovery at all times (P < 0.05). Glucagon-perfused hearts regained 68% of the control force of contraction after 3 minutes of reoxygenation, whereas untreated hearts attained only 48% of the control value at this same time.
Results
The effect of glucose on contractile force during hypoxia and reoxygenation is shown in Figure 2 . Both untreated and glucagon-perfused (8.7 x 10"* M) hearts were perfused with Tyrode's solution containing 5 HIM glucose. The depression in contractile force during hypoxia was characterized by rapid and slow phases similar to those recorded for hearts perfused with glucose-free solution ( sion in contractility was not as great. After 3 minutes of hypoxic perfusion with the glucose-containing solution, force decreased to approximately 20% of control rather than to 10% of control as seen in the glucose-free ptrfusions. There was no difference between the performance of untreated and glucagon-perfused hearts during the 3 minutes of hypoxia. Throughout the reoxygenation period, hearts which had been perfused with glucagon (8.7 x 10"• M) during the hypoxic period performed better than did untreated hearts. Force of contraction of both glucagon-perfused and untreated hearts was maximal after 5 minutes of reoxygenation and was 105% and 68% of control, respectively. Table 1 summarizes the differences in cyclic nucleotide levels of hearts perfused with or without glucose in the oxygenated Tyrode's solution. After a 15-minute period of equilibration there was no significant difference in cyclic AMP levels of hearts perfused with or without glucose in the medium. However, in hearts perfused with the glucose-free Tyrode's solution the concentration of cyclic GMP was approximately 3 times that of hearts perfused with glucosecontaining medium.
FIGURE I Effect of glucagon on contraction of isolated rat hearts perfused with glucose-free medium. Hearts were exposed to hypoxic medium for 3 minutes, then reoxygenated for 10 minutes. Hearts were exposed to glucagon only during the period of hypoxia. Each point represents the mean contractile force as percent of control ± SEM. Control contractile force was equivalent to 12.6 ±
g. The asterisk (•) indicates a significant difference between untreated and glucagon-treated hearts at each time interval (P < 0.05). n = number of experiments.
The effects of hypoxia lasting 3 minutes and glucagon (8.7 x 10"" M) on cyclic nucleotide levels are shown in Table 2 . Cyclic AMP levels were not significantly different between hearts perfused with glucose-containing and glucose-free solution. However, in hearts perfused with Tyrode's solution containing glucose, cyclic GMP concentration (372 ± 29 nmol/kg) was significantly lower than in control hearts (123 ± 10 nmol/kg) perfused with Tyrode's solution containing no glucose (P < 0.05). On the other hand, when glucagon was added to the hypoxic perfusion medium there was no significant difference (P > 0.05) in cyclic GMP content between hearts perfused with either glucose-free or glucosecontaining medium. In addition, when glucagon was present during the hypoxic perfusion, cardiac cyclic GMP accumulation was significantly less (P < 0.05) than that seen with hypoxia alone. This finding was the same whether glucose was present or not. The concentration of cyclic AMP was not different from control after 3 minutes of hypoxia, regardless of the presence of glucose, of glucagon, or of both. It was observed also that hearts perfused with glucagon during the period of hypoxia contained levels of cyclic GMP and cyclic AMP that were not different from 
FIGURE 2 Effect of glucagon on contraction of isolated rat hearts perfused with modified Tyrode's solution containing glucose (5 mtu). Hearts were exposed to hypoxic medium for 3 minutes, then reoxygenated for 10 minutes. Hearts were exposed to glucagon only during the period of hypoxia. Each point represents the mean contractile force as percent of control ± SEM.
Control contractile force was equivalent to 16.8 ± those seen in the appropriate glucagon-perfused hearts during the hypoxic period itself. Furthermore, when glucagon was not included in the perfusion medium, the increase in cyclic GMP content occurred both during the hypoxic period and during reoxygenation ( Table 2) . Cyclic nucleotide levels in hearts perfused with Tyrode's solution containing both glucagon and glucose during hypoxia are shown in Table 3 . In treated hearts exposed for 15 and 60 seconds of hypoxia, cyclic GMP levels were found to be 125 ± 5 and 198 ± 27 nmol/kg of cardiac tissue, respectively. However, in hearts perfused with the subinotropic concentration of glucagon during hypoxia, the levels of cyclic GMP were 88 ± 6 and 82 ± 12 nmol/kg at 15 and 60 seconds, respectively. These levels were not significantly different from the control of 84 ± 5 nmol/kg. Levels of cyclic AMP in untreated hearts were 884 ± 106 and 899 ± 92 nmol/kg at the same periods of hypoxia. Glucagon-perfused hearts subjected to hypoxia for 15 seconds exhibited no significant difference in the levels of cyclic AMP as compared to hypoxic hearts nof perfused with glucagon. However, at 60 seconds of hypoxia, glucagon treatment produced a significant decrease in the concentration of cyclic AMP as compared to the hearts exposed to 60 seconds of hypoxia and not perfused with glucagon.
g. The asterisk (*) indicates a significant difference between glucagon-treated and untreated hearts at each time interval (P < 0.05). n = number of experiments.
The lactate concentration in the coronary effluent is shown in Table 4 . Lactate is expressed as micromoles Control hearts were frozen after equilibration with oxygenated Tyrode's solution containing 5 mM glucose. Hypoxic hearts were frozen after a period of hypoxic perfusion with glucose medium as indicated.
Superscript letters (*• "• •• "• •• '• *) indicate significant difference (P <0.05) when compared to group with the same letter.
Each value represents the mean ± SEM. n = number of experiments.
produced per minute of perfusion. The Tyrode's solution used for these perfusions contained 5 mM glucose. For both untreated and glucagon-treated hearts, there were significant elevations in lactate levels in coronary effluent within 15 seconds of exposure to hypoxia. The concentrations of lactate for both groups were not significantly different until 120 seconds of hypoxia, when coronary lactate for the group perfused with glucagon was 5421 ± 167 ^mol/min as compared to 4651 ± 301 ^mol/min for the untreated group at the same time. The glucagon-perfused group had significantly higher lactate levels up to but not including the 300-second period of exposure to hypoxia. However, by 300 seconds of hypoxia the elevated coronary lactate levels in the effluent from glucagon-treated hearts again were similar to values for hearts not exposed to glucagon. In these studies the rate of coronary flow was increased by hypoxia but there was no significant difference between the two groups. 
Discussion
These studies demonstrate that perfusion of the isolated rat heart with glucagon during hypoxia improves cardiac performance during reoxygenation. The precise mechanism by which glucagon enhances recovery during reoxygenation is unclear. Glucagon produces positive inotropic and chronotropic effects in isolated papillary muscle, 16 closed-chest dog preparations, 17 and cats with chronic heart failure. 18 Since we have demonstrated an enhanced recovery of contractile force after hypoxia with a concentration of glucagon that does not produce a direct positive inotropic effect in our preparation, our studies suggest that the protective effect of this hormone may be unrelated to its known direct inotropic action.
Although glucagon improved recovery during reoxygenation of hearts that were perfused with or without glucose, the performance of the former group was significantly better. Perhaps an explanation of this is that the only source of energy production available to glucose-free hearts during hypoxia was endogenous glycogen which rapidly became depleted. It has been clearly shown that supplying isolated hearts with exogenous carbohydrate maintains myocardial levels of high energy phosphates. 18 Since glucose is the primary energy source for the hypoxic myocardium, increasing glucose supply to the isolated rat heart would be expected to enhance glycolytic production of ATP and therefore improve cardiac performance during hypoxia and reoxygenation. Indeed, although ATP levels were not monitored, the finding of enhanced performance was observed in all of the present experiments.
Our data support the conclusion that there was an acceleration of glycolysis by glucagon during a portion of the hypoxic period. From 2-3 minutes of hypoxia, glucagonperfused hearts produced more lactate per minute than did control hearts. This increased lactate production caused by glucagon is a measure of the enhanced glycolytic flux and presumably is secondary to the enhanced supply of glucose 1-phosphate from accelerated glycogenolysis. However, the increase in lactate production was not maintained throughout the hypoxic period. In fact, by 300 seconds of hypoxia glucagon-perfused hearts produced approximately the same amount of lactate as did untreated hearts. This failure of glucagon to sustain increased glycolysis during hypoxia may be related to the accumulation of lactate which results in a decrease in intracellular pH and thus inhibits phosphofructokinase activity. 20 Thus, the enhanced rate of glycolysis seen during the initial part of the hypoxic period subsequently would be blocked by lactate accumulation. Nevertheless, the interval during which the rate of glycolysis was increased may have been sufficient for the heart to be resupplied with additional high energy substrates that could be utilized to maintain cellular integrity during hypoxia.
On the other hand, alterations in myocardial concentrations of the cyclic nucleotides may be associated with the protective effect of glucagon. It has been suggested that cyclic AMP mediates the positive inotropic effect of catecholamines 21 and glucagon, 22 whereas cyclic GMP has been associated with the actions of negative inotropic agents. 8 -9 A number of studies has indicated that reciprocal changes in the levels of cyclic AMP and cyclic GMP may be responsible for the physiological effects of adrenergic and cholinergic agents on the heart. 8 -•• 12 Moreover, it has been shown recently that cyclic AMP levels are elevated during the systolic phase of the cardiac cyclic, 23 whereas cyclic GMP levels are lowered during this period. 10 Thus, it is possible that the relative concentration of cyclic AMP and cyclic GMP influence the response of the myocardium to various pathological stimuli such as ischemia and hypoxia.
Our data strongly support this hypothesis in that the improved recovery of glucagon-perfused hearts during reoxygenation was consistently associated with a higher ratio in the relative concentrations of cyclic AMP to cyclic GMP during the hypoxic insult. Both untreated and glucagon-perfused hearts had a cyclic nucleotide ratio of about 7:1 at the beginning of the hypoxic insult. After 3 minutes of hypoxic perfusion, the ratio of cyclic AMP to cyclic GMP in untreated hearts decreased to 4:1. This finding is in contrast to glucagon-perfused hearts, which maintained a ratio of 7:1. Furthermore, although the concentrations of both cyclic nucleotides changed in response to hypoxia, it is apparent that glucagon-perfused hearts primarily failed to show an increase in cyclic GMP levels in response to hypoxia, as did the untreated hearts. It appears to be this reduction in cyclic GMP accumulation which maintained the cyclic AMPcyclic GMP ratio of 7:1 in glucagon-perfused hearts. This reduction in cyclic GMP content also was observed in experimental controls in which the only variable was the presence or absence of glucose in the perfusion medium. The absence of glucose from the perfusion medium of control hearts was associated with significant increases in myocardial cyclic GMP content, and decreases in contractile force, but no changes in cyclic AMP levels (Tables 1 and 2) . Thus, glucose availability to the myocardium is in some way associated with cyclic GMP accumulation. Perhaps the protective effect of glucagon itself is related to an inhibition in the accumulation of cyclic GMP, since the addition of glucagon to both glucose-containing and glucose-free perfusion media resulted in enhanced contractile force and decreased cyclic GMP levels. Such a regulation of cardiac contraction by cyclic GMP is further supported by preliminary data from this laboratory which show that glucocorticoids appear to provide a protective effect to the heart and decrease cyclic GMP levels.
The results of these studies are in agreement with the "Yin-Yang" theory of Goldberg, 12 in which it has been suggested that a "dualism" between the two cyclic nucleotides occurs following cellular events induced by drugs or conditions which, in a broad sense, modulate the tissue accumulation of cyclic GMP or cyclic AMP. The glucagon administration and hypoxic perfusion may indeed represent two interacting stimuli that exert their effects via such a modulation of levels of cardiac cyclic nucleotide. Further studies will be necessary to clarify the precise biochemical mechanism by which this modulation of the intracellular levels of cyclic AMP and cyclic GMP occurs.
